The removal of certain central nervous system (CNS) tissues (part of the bovine spongiform encephalopathy risk material) from the food chain is one of the highest priority tasks associated with avoiding contamination of the human food chain with the agent of bovine spongiform encephalopathy. A recently developed real-time PCR assay and three commercially available enzyme-linked immunosorbent assays (ELISAs) for the detection of CNS tissues in minced meat and three types of heattreated sausages were evaluated. Bovine brain was used for spiking of internal reference material, and its delectability was examined during storage times of 12 months (for frozen minced meat and liver sausage) and 24 months (for sausages treated with medium and high heat). The real-time PCR method and both ELISA kits detected 0.1% CNS tissue in frozen minced meat and 0.1 or 1% CNS tissue in heat-treated meat products. The delectability of the amplified mRNA target region with the PCR assay was similar to the delectability of antigen by the ELISAs. Because the real-time PCR method also can be used to distinguish cattle, ovine, and caprine CNS tissues from porcine CNS tissues, it seems to be suitable as a routine diagnostic test for the sensitive and specific detection of CNS tissues in meat and meat products.
Bovine spongifirm encephalopathy (BSE) belongs to a group of diseases called transmissible spongiform encephalopathies. The agent of BSE has been thought to he the cause of the variant of Creutzfeldt-Jakob disease in humans (17) . The transmission of BSE to humans is believed to occur most likely via the oral route (10. 12, 13) .
Numerous regulations have been set up by European and U.S. legislatures for efficient consumer protection from the BSE agent. These regulations stipulate improvement in animal health by conduction surveillance for BSE in cattle and prohibit the use of ruminant meat and bone meal in ruminant feed. Tissues known to harbor the BSE agent (e.g., brain, spinal cord, dorsal root ganglia, and distal ileum) are desi gnated as specified risk material (SRM) in cattle and sheep. This classification is age dependent; only the brain and spinal cord tissues of cattle ^30 months of age or sheep 12 months of age are considered SRM. SRM is prohibited from entering the human food chain. Ruminant brain and spinal cord contain the highest infectivity titer of the causative agent of BSE, the abnormal prion protein (PrPB SE) (5) . Regulations regarding SRM removal are the European Commission Annex V Commission Regulation Methods for the detection of SRM in food products include enzyme-linked immitnosorbent assays (EUSAs) (26, 27) , gas chromatography-mass spectrometry (8) , Western blot (immunoblot), and immunohistochernistry (19. 20, 31) . We recently presented a real-time reverse transcriptase PCR (RT-PCR) assay for species-specific detection of bovine, ovine, and caprine central nervous system (CNS) tissues (1, 28) . In the present study, the sensitivity and specificity of this real-time RT-PCR assay were compared with those of three commercially available ELISA kits for detection of bovine CNS tissue. Artificially contaminated minced meat and different types of cooked sausages were investigated during extended product-specific storage conditions. Some samples contained added liver tissue, which is known to have high concentrations of RNases.
MATERIALS AND METHODS
Production of internal reference material. Minced meat and three types of cooked sausages were prepared according to recipes provided in the guidelines of the German Food Code (3). These meats were artificially contaminated with small amounts of bovine brain homogenate. Minced meat (50% pork and 50% beef) contained 0. 0.1 (duplicate). 0.2. 0.5. 1, or 5% bovine brain tissue. Samples were stored at -20°C for 12 months.
Three types of cooked sausages were prepared as described previously (1, 20) . The sausages were boiled at 120°C for 15 mm (high-heat sample, Vollkonserven, F value of 5.4), boiled at 100°C for 60 mm, or heated at 80°C for 90 mm (medium-heat sample, 
Dreiviertelkonserven, F value of 0.84) and then stored at 10°C for 24 months. Spiking concentrations were 0. 0.1, I, 2, and 8% bovine brain tissue for both types of sausages.
Liver sausages were prepared by homogenizing 80% pork meat and 18% pork liver. Curing salt (2.5 g/kg), emulsifier (0.5 glkg), and ready-mixed spices (5 g/kg, Kalbsleberwurst Morenoperle, Gewuerzmueller, Korntal-Muenchingen. Germany) were added. The sausage meat was canned and heated for 60 min at 80°C and contained 0, 0.1 (duplicate), 0.2, 0.5, 1, 2, or 8% bovine brain tissue. The liver sausages were stored at :5 l0°C for 12 months. All control samples without CNS tissue were processed using the same protocols.
RNA extraction and eDNA synthesis. Sampling was conducted at specific time points during and after the storage period (Tables I through 4) . Total RNA was extracted from 100 mg of each sample of minced meat or cooked sausage. The extraction of total cellular RNA was done as described previously (1) and performed in duplicate. The RNeasy Lipid Tissue mini Kit (Qiagen, Hilden, Germany) was used according to the manufacturer's instructions. Qiazol (1.000 p.1) was added to 100 mg of each sample, and the mixture was transferred to a glass matrix tube (FastRNA Green, Q BlOgene, Heidelberg, Germany) for cell lysis. The mixture was processed in a spin-rotation instrument for cell lysis (FastPrep-120, Q BlOgcne) at a speed setting of 6 and a time setting of 45 s, and then 200 p.1 of chloroform was added to the mixture. The aqueous and organic layers were separated by microcentrifugation for 15 min at 4°C at 10.000 X g. The aqueous phase containing the RNA was removed, and 200 p.1 of 70% ethanol was added, followed by binding of the RNA to the spin column (Qiagen). After DNase digestion with 80 p.l of RNasefree DNase (Qiagen), the total RNA was washed and eluted with 50 p.l of elution buffer. The total RNA from each sample was subjected to reverse transcription using TaqMan Reverse Transcriptase Reagents kit with uracil-N-glycosylase (Applied Biosystems, Darmstadt, Germany) according to the manufacturer's protocol. The samples were incubated at 25°C for 10 min and at 48°C for 30 mm, followed by a final RT inactivation step at 95°C for 5 mm, and then stored at -20°C.
Real-time PCR analysis. The real-time PCR analysis was initially conducted on the ABI PRISM 7000 Sequence Detection System (SDS; Applied Biosystems) as described previously (2, 28) . To compare the assay results obtained with different then mocycler models, cDNA samples from frozen minced meat after storage for 4 and 9 months and from medium-heat sausages (Dreiviertelkonserven, F value of 0.84) after storage for 3 and 9 months also were analyzed on the ABI PRISM 7900 SDS (Applied Biosystems) and the LightCycler 2.0 (Roche Applied Science, Mannheim, Germany). The ABI 790() SDS reagents and conditions were used according to the ABI PRISM 7000 SDS instructions. 
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Use of commercially available ELISA kits. All three ELISA kits used in this study are based on the detection of the glial fibrillary acidic protein (GFAP) antigen. The Brainostic GFAP ELISA Kit (ScheBo Biotech AG, Giessen. Germany) can be used for both raw (e.g., minced meat) and heat-treated (e.g., cooked sausages) meat products. The RIDASCREEN Risk Material 10/5 ELISA (R-Biopharm AG, Darmstadt, Germany) is recommended by its supplier for analysis of only raw meat. For heattreated meat products, the RIDASCREEN Risk Material ELISA (R-Biopharm) should be used. Because these two RIDASCREEN ELISA kits are offered as separate products and differ in the sample preparation protocol, the standards provided for the analysis of each type of meat product, and the diagnostic sensitivity given for each type of meat product, the kits were handled as two separate ELISAs offered from one supplier.
The minced meat was analyzed using the Brainostic GFAP ELISA Kit according to the manufacturer's instructions and using the RIDASCREEN Risk Material 10/5 ELISA with slight modifications of the instructions. Instead of meat swab samples, an initial 50-mg sample was used. Heat-treated sausages were analyzed with the RIDASCREEN Risk Material ELISA and the Brainostic GFAP ELISA according to the manufacturers' instructions. Samples that produced an optical density (OD) reading the was >70% of the OD of Standard I of the Brainostic GFAP ELISA were considered to be questionable positive (+). The OD values of the samples were recorded with the Sunrise plate reader (Tecan Austria GmbH, Grodig, Austria).
Statistical analyses.
The relative sensitivity and specificity were calculated as described elsewhere (2) . The significance of the different results obtained for the sensitivity of each test was calculated with Fisher's exact test for k X 2 contingency tables. This algorithm was included in a computer program designed by the Unit for Biornatheniatics and Data Processing of the Faculty of Veterinary Medicine (Justus Liebig University, Giessen, Germany).
RESULTS
The limit of detection (LOD) of the real-time PCR assay conducted on the ABI 7000 for minced meat and different types of cooked sausages was compared with the results obtained with the Brainostic GFAP ELISA. the RI-DASCREEN Risk Material 1015 ELISA, and the RIDA-SCREEN Risk Material ELISA, respectively. 15 =1 sausage were analyzed with the real-time PCR assay, the Brainostic GFAP ELISA, and the RIDASCREEN Risk Material ELISA for contamination with CNS tissue. All ELISAs and the real-time PCR assay enabled the detection of 1% bovine brain tissue in the medium-heat and highheat sausages after storage for 24 months (Tables 2 and 3 ). Higher concentrations (2 and 8%) of CNS tissue were identified correctly by all methods used. The real-time PCR assay detected 0.1% bovine CNS tissue in all of the 10 medium-and high-heat sausage samples, and the Brainostic ELISA identified 9 of 10 mediumheat samples. Three of the 0.1% CNS sausage samples prepared with high heat produced a false-negative result with this test system. Because the detection limit of the RIDA-SCREEN Risk Material ELISA was set at 0.2% by the supplier, none of the samples containing 0.1% CNS tissue were confirmed as positive for this material. Addition of 0.1 and 0.2% bovine brain tissue to liver sausages was detected with all three test systems (Table 4) We recently published the development and validation of a quantitative RT real-time PCR method for the detection of CNS tissues in meat products (1, 28, 29) . Several studies have confirmed the GFAP and the selected niRNA target region as highly CNS specific (14, 15, 24, 26, 27, 29) . The real-time PCR assay specifically detected bovine, ovine, and caprine GFAP mRNA. The robustness of this PCR assay and the reproducibility of its results were confirmed in a multicenter trial as a part of the external validation studies that included 12 German laboratories (2). Relative quantification conducted in our own studies revealed a relationship of 1,000-fold (brain) and 10,000-fold (spinal cord) GFAP mRNA per PCR (1). Therefore, ruminant brain was selected for the spiking experiments as a more challenging material for validating methods for detection of CNS tissue. Identical contamination levels of meat products with spinal cord resulted in higher OD values (data not shown). As part of the peripheral nervous system, dorsal root ganglia also can harbor BSE agents, although in concentrations lower that those detected in CNS tissues. Dorsal root ganglia have therefore been designated as an SRM (5). Because of the ban of advanced meat recovery from vertebral columns, human exposure to dorsal root ganglia would most likely occur by consumption of hone-in meat products (e.g., Tbone steaks). Although this route of infection has been classified as less likely (12), recent studies have added to our understanding of the distribution of BSE though the central and peripheral nervous systems (7, 22) . As a consequence, future investigations might benefit from considering the detectability of dorsal root ganglia in meat products.
A decrease in the ELISA sensitivity to the target antigen depending on the type of heat treatment and storage conditions has been reported for meat products (personal communication). The mRNA has been shown to be unstable (25) . Our previous investigations have revealed a critical effect of the size of the amplified mRNA target region on the diagnostic sensitivity (data not shown). The mRNA yield also is negative correlated with the amount of RNase and the storage conditions selected (e.g., freezing at -20°C or in liquid nitrogen or use of stabilizing reagents) (25) . To address possible negative effects on the detection of bovine brain tissue in meat products, we investigated frozen and heat-treated meat products over most of their shelf lives. Because liver tissue contains high concentrations of RNase. spiked liver sausages also were evaluated.
Comparative detection of bovine brain tissue in minced meat. All three test systems enabled the reliable detection of CNS tissue in frozen minced meat. The overall diagnostic sensitivity, defined as the total number of falsenegative results for all spiked samples tested, was 98.3% for the real-time PCR assay and 93.3% for both ELISAs. However, the difference in relative sensitivity reported for the detection of 0.1% CNS tissue with all methods was not significant, as calculated by Fisher's exact test. We had previously shown that the real-time PCR assay, the Brainostic "Because the collaborative trials were conducted at the end of the storage period of 24 months, a slight decrease in C was observed for all eDNA samples tested. Therefore, the C1 values for heat-treated samples were used only for classification of the samples as positive or negative for CNS tissue (+, C, -^ 37.5; -. C, > 37.5). ND, not detected. eDNA from 100% bovine brain; different samples were used for the different thermocycler models. "cDNA from 100% porcine brain.
ELISA, and the RIDASCREEN Risk Material 1015 ELISA allowed the reliable detection of 0.1% bovine brain tissue in raw minced meat kept at :52°C for 14 days (29) . Mean C, values obtained for the two 0.1% CNS batches with the real-time PCR assay were consistent and had SDs of less than I, indicating the comparability and homogenous distribution of the two duplicate batches (data not shown). The modified sample preparation technique used for the RI-DASCREEN Risk Material 10/5 ELISA resulted in an improved LOD for frozen minced meat. The critical influence of sample preparation has been reported previously (15, 29) . Using minced meat provided by the United Kingdom Food Standards Agency, the RIDASCREEN Risk Material 10/5 ELISA could not detect CNS concentrations as low as 0.1% (16) . Other researchers have reported an LOD of 0,2% CNS tissue and highly variable results for the RI-DASCREEN Risk Material 1015 ELISA (15). In contrast, a diagnostic sensitivity of 97.9% at a CNS tissue concentration of 0.049% also was reported (9) . The real-time PCR assay used in this study was more sensitive than a previously published RT-PCR method (30) . Using an RT-PCR assay, an LOD of 0.25% CNS tissue was determined for artificially contaminated minced meat stored for 28 days (23).
Comparative detection of bovine brain tissue in cooked sausages. Mixed meat and liver sausage were prepared as three different types of cooked sausages, representing three different kinds of relevant production and storage requirements in the meat processing industry. The liver sausage treated with medium heat was selected because of the high RNase content in liver tissue so the effect of this enzyme on the stability of the amplified GFAP mRNA target region could be assessed. With the real-time PCR assay, 0.1% bovine brain tissue could be reliably detected in medium-and high-heat sausages during the stor-II age period of 24 months. An effect of potentially high concentrations of RNase in liver on the detectability of 0.1% bovine brain tissue in liver sausage and on the sensitivity of the real-time PCR assay was not observed; all 0.1% CNS samples, except sample B at month 6 and sample A at month 12, were identified as positive for CNS tissue. These two samples did not show a fluorescent signal even after repetition of the assay. Based on these results, the diagnostic sensitivity was 100% for the medium-heat and high-heat meat products and 98.9% for the medium-heat liver sausage. According to the guidelines described by the manufacturer, the Brainostic ELISA did not allow the identification of 0.1% CNS tissue in samples from either heat treatment; the OD values for all samples were smaller than the OD values of standard I (Si; 0.1%). Samples with ODs that were ^70% of the OD for S (thus. these ODs were significantly different from the OD obtained for the blank) were therefore classified as questionable positive. This result raised the relative sensitivity from 96 to 99.6% in medium-heat samples and from 96 to 98.8% in high-heat samples. The R1DASCREEN Risk Material ELISA had a relative diagnostic sensitivity for the medium-and high-heat products of 100% (LOD of 0.2%). Differences observed in the relative sensitivity for the detection of 0.1% CNS tissue in medium-and high-heat sausages were significant (P < 0.0001).
The relative diagnostic sensitivity was 100% for the liver sausage, including the detectability of 0.1%. added bovine brain tissue in all samples investigated. Comparability and homogenous distribution of the reference material used in this study was confirmed by the C, values of the realtime PCR analysis.
Influence of the real-time PCR thermocycler on the LOD. International standard providers encourage assay developers to validate methods on a variety of instruments to prove that the analytical method is not limited to individual instruments (6) . Several companies offer thermocycler models for the detection of TaqMan tluorogenic probes. The reactions can be performed in 96-well plates. The LightCycler 1.0 and 2.0 are commonly used with hybridization probes. The fluorescent signal is measured through capillaries, and the temperature is adjusted by a heater fan instead of heat blocks, which are used with the ABI PRISM instruments. The ABI PRISM 7000 SDS and 7900 SDS and the LightCycler are three widely used but technically different thermocycler platforms. The real-time PCR assay used in this study had the identical LOD of 0.1% bovine brain tissue with all three instruments. In a collaborative trial, we previously verified the use of the real-time PCR assay on five different ABI thermocycler models for eDNA obtained from three different types of heat-treated sausages (2) . The results of the present study indicate that this assay can be conducted with the LighCycler 2.0 instrument, another common real-time PCR instrument, without any loss in sensitivity.
Explanatory power of the serniquantitative measurement. The EL1SA kits were shipped with a set of five (Brainostic ELISA) or four (both RIDASCREEN Risk Material ELISAs) standard samples. For the real-time PCR assay, a set of different cutoff values with regard to raw or heat-treated meat products was obtained during the validation studies (1, 28) . However, in the present study none of the applied methods allowed the exact quantification of slightly different amounts of CNS tissues (e.g., 0. 1, 0.2, and 0.5%) in the samples during the storage periods. As a consequence, the semiquantitative measurement might be useful for the rough estimation of CNS content, with enough precision to differentiate between 0.1 and I% bovine brain tissue content. In this study, a more precise quantitative estimate could be obtained when raw meat products (e.g., minced meat) were analyzed immediately after production. Although mRNA is generally unstable (25) , the selected real-time PCR target region had stability and detectability similar to those of the (IFAP. In contrast to the ELISAs, the real-time PCR assay quantification enabled a more detailed calculation of the CNS content. The standards provided with the ELISA kits should be used to classify the samples as positive or negative, the most important interpretation in raw meat products. This result might be due to the composition of the standards and the decrease in the amount of GFAP or its mRNA during heat treatment.
Based on the list prices given by each company, we calculated the cost of analysis per sample in a duplicate reaction as -16€ (--US$24) for both of the RIDA-SCREEN ELISAs and -22€ (-$33) for the Brainostic ELISA. Although the Brainostic ELISA kit was slightly less expensive, it required additional expenses for sample preparation (e.g., beater tubes). Costs per duplicate sample for the real-time PCR analysis in combination with the sample preparation protocol used in this study would be -26€ (-$38). Results could be obtained with all three ELISA protocols, including the modified sample preparation for the RIDASCREEN 10/5 ELISA, in approximately 1 to 2 h. In contrast, the real-time PCR analysis required -6 h. However, after the PCR analysis no further testing would he required because this method offers reliable species-specific and quantitative results. For all ELISAs. costly and timeconsuming follow-up investigations might be necessary to determine the species origin of the contaminating CNS tissue. Significant results can he obtained only for meat products containing contaminants from a single animal species.
In general. PCR assays require well-trained personnel-, the real-time PCR also requires a real-time PCR thermocycler. However, the PCR technique has been standardized by the ISO and is extensively used for food quality assurance (21). The real-time PCR assay already is the method of choice for rapid detection of nucleic acids (11, 18) .
Therefore. the return of investment for real-time PCR instrumentation will be facilitated by the broad range applicability for various methods.
The present study describes for the first time a comparative evaluation of three commercially available ELISAs and a real-time PCR assay for the detection of CNS tissue contamination in various meat products and after different storage times. All test systems investigated allowed the detection of small amounts of bovine brain tissue in raw and heat-treated meat products. The real-time PCR assay was highly suitable as a routine diagnostic test for the detection of CNS tissues in meat and meat products after various storage times and under various conditions.
